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Introduction
[2] Marine gravity at wavelengths less than a few hundred kilometers is largely responsive to seafloor bathymetry [Smith, 1998 ]. New altimetry-based gravity and bathymetric prediction maps [e.g., Smith and Sandwell, 1997] have been of great value in marine tectonic research, revealing the morphology of large seafloor features, such as fracture zones, mid ocean ridge axes, and seamounts. At the smallest scales of resolution ($10 km half-wavelength), however, the structural information provided by altimeter data is enigmatic. Individual features of this size and smaller are quite chaotic in their appearance, and cross-spectral coherency suggests they are more likely due to random noise than true seafloor signal . Nevertheless, there are evident regional variations in off-axis altimetry texture and roughness that correlate with tectonic provinces (Figure 1 ) and spreading rate [Smith, 1998] .
[3] In this paper we investigate the possibility that abyssal hill morphology may be a significant contributor to variations in altimetry fabric not obviously associated with fracture zones. Our hope is that gravity texture can be used as an investigative tool to probe the tectonic seafloor fabric of the world's ocean basins. In addition to possibly providing important constraints on the history of spreading rates and directions, such data would also be important for physical oceanographic studies, where recent results indicate the critical role that seafloor roughness plays in ocean circulation and mixing [e.g., Mauritzen et al., 2002] .
[4] Abyssal hills are asymmetric structures elongated parallel to the spreading axis. Their characteristic widths, defined as twice the standard deviation of the covariance function in the normal-to-strike direction [Goff and Jordan, 1988] , generally range from $2 km at fast spreading/axial high mid-ocean ridges to $8 -10 km at slow spreading/axial valley ridges [Goff, 1991; Goff et al., 1997] . Characteristic lengths (defined similarly for the strike direction) vary from $10 km to $25 km over the same range in spreading rates/ axial ridge types. These widths are generally smaller than the $10 km resolution of existing altimetry, and so one might expect only the largest abyssal hills to have some measurable impact on altimetric gravity, and then only slightly. However, Smith [1998] demonstrated through upward continuation that abyssal hills typical of the flanks of the northern mid-Atlantic ridge, which are among the largest observed, could produce an altimetric gravity texture similar what is observed in that region.
[5] We investigate the roughness characteristics of altimetric gravity data along the flanks of the Southeast Indian Ridge (SEIR; Figure 1 ) where, without significant change in spreading rate, there is a well-documented change in axial morphology [Small and Sandwell, 1992; Sempéré et al., 1997] : from axial high in the west to axial valley in the east, into the Australian-Antarctic Discordance (AAD) [Hayes and Conolly, 1972; Sempéré et al., 1991; Christie et al., 1998 ]. Abyssal hill fabric changes in concert with the changes in axial morphology [Goff et al., 1997] , with progressively larger features as the axis progresses from axial high to axial valley. Within the AAD, abyssal hill structures are seen to be anomalously large for the region [Christie et al., 1998 ], on par with abyssal hills generated at slow spreading rates. Here, we quantify texture in order to determine if ridge flank gravity roughness characteristics vary in correspondence with the known abyssal hill variations. We examine regions of gravity data that are large enough for robust parameter estimation while also not obviously disturbed by axial morphology, fracture zones or propagator pseudofaults.
[6] In addition, we seek to illuminate, with a simple synthetic experiment, how a filtered field (e.g., altimetric gravity) can be responsive to features of the unfiltered field (e.g., bathymetry) at scales smaller than the filter scale.
Southeast Indian Ridge Flank Texture Analysis
[7] The altimetric gravity data over the SEIR (Figure 1) show visual evidence for, from west to east, progressively rougher small-scale, near-axis gravity texture. Off axis, a textural boundary is evident (Figure 1 ), including changes in both fracture zone density and intervening gravity texture, which appears to imply that the AAD has propagated to the west. Because these changes occur within a relatively confined region, one may be confident that these are not caused by regional variations in oceanographic noise in altimetric gravity, or latitude-dependent changes in altimeter track geometry and density .
[8] Gravity texture can be quantified using the statistical inversion methodology of Goff and Jordan [1988] , substituting a 2-D Gaussian functional form for the covariance ( Figure 2 ; the gravity data are too smooth for a fractal model to be applicable). In 1-D form, the covariance model C hh (l ) for a profile h(x) as a function of lag l is given by:
where E[] is the expectation operator. Two parameters specify this model: variance H 2 (or rms variability H), and characteristic scale, l (defined as twice the standard deviation for consistency with the Goff and Jordan [1988] definition of abyssal hill scale). In two dimensions, the model is specified by two primary scales, a characteristic length and width (or aspect ratio = length/width), as well as a lineament azimuth.
[9] Seven areas ( Figure 1 ), covering axial high, intermediate, and axial valley flanks out to the eastern edge of the AAD, were chosen for parameter estimation. Analysis was conducted on both versions 6.2 and 9.1 of the altimetric gravity data, without significant differences in results. Filter widths were increased for later versions, resulting in larger characteristic scales. Two primary factors were considered in choosing areas for parameter estimation: (1) the areas had to be large enough to produce well-resolved parameter estimation given the characteristic scales (generally >9 km) exhibited by the data, and (2) large features evident in the gravity data, such as axial morphology, fracture zones and major propagator psuedofaults had to be avoided. These considerations largely precluded direct comparison with existing multibeam data in the area , which were generally gathered within 50 km of the axis, with considerable effort spent on mapping axial morphology, fracture zones and pseudofaults.
[10] Although we are unable here to make direct comparisons between bathymetry and gravity, we are able to compare the changes in gravity fabric through this area with known changes in abyssal hill fabric. As the SEIR ridge axis transitions from axial high in the west to axial valley in the east, abyssal hill rms heights increase from $50 m to 150 m, characteristic widths from $2 km to 4 km, and characteristic lengths from $10 to 20 km [Goff et al., 1997] . Further east, within the AAD, abyssal hills are clearly larger still, and likely similar to abyssal hills formed at slow spreading MORs [Christie et al., 1998 ], although quantitative characteristics have not been estimated from that region.
Results
[11] The results of the statistical parameter estimation are plotted with error estimates in Figure 3 . The gravity texture represented by these values exhibits a clear west-to-east increase in amplitude and horizontal scaling, in accord with what can be discerned visually in Figure 1 , and corresponding to the progression in abyssal hill morphology noted above. RMS values increase slightly going from the axial high to transitional flanks (this change is resolvable if the two samples of each type are averaged), and then more significantly going from transitional to axial valley flanks and eastward into the AAD regions. Characteristic widths and aspect ratios vary similarly, though the variation is less well resolved because error estimates are larger for these parameters in proportion to the changes observed. Aspect ratios for the gravity texture flanking axial high and transitional axes are barely distinguishable from 1 (i.e., the texture is nearly isotropic), and so the lineaments are poorly resolved and well off the ridge-parallel trend. In contrast, the aspect ratios estimated from axial valley flanks progressively increase as the rms also increases, and the estimated trends are very close to abyssal-hill parallel.
Discussion
[12] As stated previously, in this analysis we have avoided ridge axes, major fracture zones and propagator pseudofaults in our data sampling, so such structures should not be factors contributing to our gravity fabric estimates. Minor pseudofaults may well be present, but if so they are likely not much larger than the abyssal hills themselves and should not constitute more than a small fraction of the total gravity area covered in each case. The easternmost gravity Figure 1 . Altimetric gravity field over a portion of the Southeast Indian Ridge (thin dashed line) corresponding to a change in ridge morphology: from an axial high in the west to an axial valley in the east progressing into the Australian-Antarctic Discordance (AAD). Artificial illumination is from the northwest. The thick dashed line marks a textural boundary off axis. Boxes indicate areas chosen for gravity texture estimation. Arrow indicates box from which covariance profiles are shown in Figure 2 . box, whose southern end coincides with some of the bathymetric data published by Christie et al. [1998] , provides a chance to test the latter assertion. A propagator psuedofault runs through this area, but its bathymetric expression is minor compared with the surrounding abyssal hills (see their Figure 2b ), and no evidence for it is seen in the gravity data. Shifting the gravity sample box northward along the flowline to exclude the propagator, we find no resolvable change in estimated statistical parameters, except for an increase in rms by 1.4 mGal.
[13] We therefore infer that the gravity fabric within our chosen boxes must be a combination of noise and response to abyssal hills, the dominant morphology in our boxes. Because we have limited our study to a relatively confined geographic region, we can reasonably assume that noise is not highly variable, and thus that the changes in gravity texture noted in Figure 3 are related to the changes in abyssal hill morphology noted in previous studies.
[14] The texture seen at the westernmost two areas, both adjacent to axial highs, likely represents purely random variability, i.e., noise, no different than what would be found if the seafloor were perfectly flat. The estimated characteristic scales of $9 km in these areas are roughly what would be expected of a white noise run through the Smith and Sandwell [1997] processing for altimetry data. Adjacent to axial morphology intermediate between axial high and axial valley, there are minor, and only barely resolved, increases in rms and characteristic widths compared to the axial high flanks, suggesting that these abyssal hills (rms heights $80-150 m, characteristic widths $2-5 km, and characteristic lengths $10-20 km) are at the limit of detectability by altimetric gravity texture given this level of noise. Within the axial valley regions and progressively eastward into the AAD, there are more significant increases in rms, characteristic width, and aspect ratio. Also, azimuths are better resolved and subparallel to ridge/abyssal hill orientation, providing additional support for the connection between gravity texture and abyssal hills.
Synthetic Profile Filter Experiment
[15] We recognize that many readers may have difficulty accepting, conceptually, how altimetric gravity, which at short scales is a filtered product of bathymetry, may be responsive to bathymetric structures at scales smaller than the intrinsic filter width of upward continuation. A complete treatment of the relationship between altimetry data and abyssal hill morphology (i.e., the full 2-D upward continuation response, depth functionality, abyssal hill asymmetry, Figure 2 . Example of the Gaussian functional form (dashed) best-fit to the two-dimensional autocovariance function (solid) estimated from one of the sample boxes (see Figure 1 for location). Each plot is represents a cross section of the covariance, at top through the origin, and below at successively greater lag distances from the origin. Abyssal hill fabric on the ridge flanks changes significantly across this region, increasing in heights and widths as ridge morphology transitions from axial high to axial valley [Goff et al., 1997] . Gravity texture changes in kind, with increased rms, characteristic width and aspect ratios observed at axial valley flanks. Over areas flanking axial valleys, estimated lineament azimuths are subparallel to the ridge orientation, indicating likely sensitivity to the underlying abyssal hill fabric.
noise, track geometry, etc.) is beyond the scope of this short paper, which is intended primarily to demonstrate the empirical relationship found in the textural changes in abyssal hill morphology and altimetric gravity along the SEIR. Here, we demonstrate this possibility through a simple, synthetic experiment.
[16] A suite of 1000-km long abyssal hill-like profiles were generated using the Fourier method of Goff and Jordan [1988] , each with rms height of 1.0 (arbitrary units), fractal dimension of 1.2, and input characteristic widths of l i = 2, 5, 10, 15 and 20 km. The profiles were filtered using a Hanning filter (cos 2 (px/L); x2ÀL/2:L/2), with a full width L of 20 km (full width < characteristic width). The Hanning filter was chosen for its well-known property of sidelobe suppression. An rms height H f and characteristic scale l f were then estimated assuming a Gaussian covariance. Results are shown in Table 1 .
[17] We first note that the characteristic scale of the filtered profile does display sensitivity to values of l i smaller than the filter width. This is because the covariance structure of the filtered profile represents a convolution of both the filter itself and the covariance of the unfiltered profile. Any finite value of l i will act to increase the value of l f above that of the filter width. The sensitivity of l f to l i is nevertheless weak. However, the filtered profile variance, H f 2 , is highly sensitive to the unfiltered characteristic scale l i , particularly at smaller characteristic scales where H f 2 scales almost 1:1 with l i . This response will be enhanced where, like abyssal hills, rms height generally increases with characteristic scales. Therefore, even where we may have difficulty observing a relationship between the characteristic scales of the filtered and unfiltered fields, the rms roughness of the filtered field can be very sensitive to fine scale morphology of the unfiltered field, which is consistent with our observations in Figure 3 . It is also clear from this result that noise will play a critical factor in the response of altimetric roughness to abyssal hill morphology, and any reductions in noise level that can be achieved by future missions could greatly enhance the utility of altimetry for exploring seafloor textures.
Conclusions
[18] Our analysis of gravity texture on the flanks of the Southeast Indian Ridge, using data subsamples that exclude major physiographic features such as ridges, fracture zones and large propagator psuedofaults evident in the gravity, demonstrates a west-to-east increase in rms roughness and scale, which corresponds to the well-known progression in abyssal hill texture in this region. This provides important evidence suggesting that altimetric gravity texture is responsive in some measure to abyssal hill morphology. RMS roughness exhibits the most well resolved variations. Characteristic scales and aspect ratios also increase to the east, although less resolvably. At the roughest gravity textures, abyssal hill-parallel lineaments can be resolved. We suggest that the westernmost gravity texture samples, adjacent to axial high regions, represent a base noise level. These samples are isotropic (unlineated), with an rms roughness of $4 mGal and a characteristic scale of $9 km.
[19] In a comparison between rms roughness and characteristic scales of filtered and unfiltered profiles (which is not intended at this point to quantify the upward continuation problem), we found that the rms roughness of filtered profiles is strongly dependent on both the roughness and scale of unfiltered profiles. Altimetric roughness may thus be very sensitive to gross changes in abyssal hills, even those too small to be directly resolved. A reduction in the noise level by future altimeter missions would greatly enhance this response. Input profiles were generated with variance 1.0 (arbitrary units), fractal dimension of 1.2, and characteristic scale l i as listed. Profiles were filtered with Hanning taper of full width 20 km.
